We measured the detectability of a single line (target) flanked by high-contrast inward-or outward-pointing arrowheads (context). We show that as a function of target contrast, context angle, and context position there is a continuum of contextual modulations of target detectability that vary from strong inhibition (target detection is impaired) to strong excitation (target detection is facilitated), but target detection is not affected when the context is presented at low contrasts. The results show striking correlations with the perceived length distortions in the Mü ller -Lyer illusion, i.e. an inward-pointing arrowhead results in improved target detectability and increased perceived length of the bar, whereas an outward-pointing arrowhead results in diminished target detectability and decreased perceived length of the bar. Both suppressive and facilitatory effects diminish as target contrast, arrowhead angle, and line-arrowhead spatial disparity are increased. At larger distances between line and arrowhead the suppressive effects become facilitatory (the Mü ller -Lyer illusion reverses). When concurrent Mü ller -Lyer extent experiments are run, we found that the perceived length of the target stimulus is overestimated or underestimated as it is flanked by high-contrast inward or outward-pointing arrowheads, the magnitude of the length distortion effects diminishing as target contrast increases. To explain the nature of both context-induced suppression and facilitation in contrast detection we present a population model of orientation detectors in visual cortex that relies on short and long-range horizontal cortical connections, and suggest that that the same type of mechanism that accounts for contrast detection may account for perceived extent.
Introduction
It is well accepted that the human visual system decomposes an image using local filters tuned for stimulus features, such as spatial frequency or orientation (Campbell & Robson, 1968; Kulikowski, Abadi & King-Smith, 1973; Sagi & Hochstein, 1983) . Psychophysical and physiological evidence (Polat & Sagi, 1993; Kapadia, Ito, Gilbert & Westheimer, 1995; Chen & Levi, 1996) suggests that the local filters are not completely independent, but they receive inputs from filters coding for neighboring spatial frequencies and orientations, thus suggesting interactions between neighboring channels. This network of long-range interconnections may serve as substrate for context dependency, i.e. the fact that the perceived visual attributes of a target stimulus depend on the context within which the target is placed.
Geometrical illusions, which are context-induced subjective distortions of visual features, such as length, orientation, or curvature of lines, are the most striking example of figures where these interactions are involved. One of the best-known and most extensively investigated geometrical illusions, the Mü ller-Lyer configuration ( Fig. 1) , in which a line appears short or long when it is flanked by outward-or inward-pointing arrowheads, has fascinated researchers for over 100 years. Although different explanations for the occurrence of the Mü ller-Lyer illusion have been advanced, e.g. depth theories (Gregory, 1963; Fisher, 1967 , in which length distortions are due to misapplication or confusion of size constancy to the two spans), averag-ing theories (Erlebacher & Sekuler, 1969; Pressey, 1970, in which the arrowheads interfere with the perceptual system for measuring span of the horizontals, and therefore observers confuse or average the distance between the arrowhead tips), and displaced vertex theories (Chiang, 1968 , in which the perceptual system miscalculates the location of the arrowhead vertex, displacing it toward the concave side), they do not agree on the basic perceptual principles that underlie the apparent distortions.
The Mü ller-Lyer illusion results from interactions between two arrowheads and the line between them. Although simple in principle, this type of interaction is not yet understood, and therefore, rather than continuing to study perceived extent, we decided to investigate how high contrast arrowheads influence the perception of a single bar presented at different low contrasts. Specifically, we investigate whether line detection is improved or impaired when it is flanked by high contrast inward-or outward-pointing arrowheads, and then correlate the results with the Mü ller -Lyer extent illusion when identical stimuli are used. One advantage of a study like this is that any mechanism uncovered from analyzing the interaction between a high-contrast arrowhead and a low-contrast luminance bar could be useful for understanding the high-contrast Mü ller -Lyer extent illusion (which is known to occur for both lowand high-contrast bars - (Robinson, 1972) . A second advantage is that we can complete our understanding of the detectability of a target line when it is flanked by arrowhead stimuli, a type of contextual interaction that has not been explored previously.
We devised five experiments to analyze the influence on the detectability of a target stimulus of arrowhead visual contexts that resemble the Mü ller -Lyer illusion (the perceived distance between two arrowheads is greater as the angle size increases, and this effect diminishes in magnitude as the arrowheads and line are separated more and more; (Mü ller -Lyer, 1889, see Fig.  1 ). Experiment 1 uses a configuration with only one set of fins (two segments that join to form a vertex), rather than the usual two, to examine the detectability of a target stimulus (this configuration generates the extent effect originally reported with the Mü ller-Lyer configuration, Greene & Nelson, 1997) . Experiment 2 is a control for Experiment 1 and uses equal low contrasts for both target and arrowheads. Experiment 3 is similar to Experiment 1 except that it uses a configuration with two sets of fins. Experiment 4 analyzes target detectability focusing on the interactions between target contrast, arrowhead angle, and arrowhead position. Finally, in order to strengthen the link with the Mü ller-Lyer illusion, Experiment 5 presents psychophysical estimates of perceived length for the stimuli used in Experiment 1.
Methods

Stimuli and apparatus
Stimuli were presented binocularly on a monochrome computer screen (60 Hz noninterlaced). They were generated with an IBM compatible PC (Dell 486), equipped with a VGA graphic card.
Experiments 1-4
An 8.5% of visual angle square fixation point (FP) and a similar square attention point (AP) always remained on the screen. Subjects were instructed to fixate at FP and to attend to AP ( Fig. 2A) . At an observation distance of 100 cm, the target consisted of a vertical line (1°× 36%) against a uniform background of 35.71 cd/ m 2 . The target was presented 20% of arc to the right of AP and 3°downward and to the left of FP ( Fig. 2A) . The target is presented lateral to FP because of the increased visual sensitivity of the peripheral visual system to flashed stimuli. Attention was directed toward AP in order to reduce variability in target detection by eliminating uncertainty in locating the target. Each trial consisted of a 2000 ms cycle. The target and/or the context were presented for 200 ms followed by a 1800 ms interstimulus interval in which subjects were required to respond. In Experiments 1, 2 and 4 the target occurred randomly at one of four contrasts (0.46, 0.93, 1.4 and 1.86%); in Experiment 3 the target occurred randomly at one of five contrasts (0.46, 0.93, 1.4, 1.86 and 2.33%). The context (outward-or inward-arrowhead with the fin of 52× 14%) was always presented at the same high contrast (0.17 cd/m 2 ) as FP and AP. Experiments 1, 2 and 4 use a single arrowhead context stimulus; Experiment 3 uses two symmetric arrowhead stimuli, one at each end of the target. Experiments 1, 2 and 3 use fixed arrowhead half angles (27°for both outward-and inward-pointing arrowheads) and a fixed distance between the target and the tip of the arrowhead (0.5°). In Experiment 4, the half angle between the arrowhead fins was randomly varied between 27, 53, 90, 117 and 143°. The distance between the tip of the arrowhead and the target was randomly varied between 0.5, 1 and 1.5°of visual angle below the target base.
Experiment 5
Compared to Experiments 1 -4, the attention point (AP) was eliminated and subjects were instructed to fixate at FP. Because of the increased visual acuity of the central visual system, the target (vertical line, 1°× 36%, against a uniform background of 35.71 cd/m 2 ) was always presented foveally 20% of arc to the right of FP. Each trial consisted of a 7 s cycle. Two stimuli were presented sequentially, first the target flanked by either an inward or outward-pointing arrowhead, and second the target stimulus presented alone (comparison stimulus). Each stimulus was presented for 2 s, the two stimuli being separated by the presentation of a blank (35.71 cd/m 2 ) screen for 1 s. After the second stimulus, the screen remained blank for 2 s in which subjects were required to respond. The target occurred randomly at one of four contrasts (1.4, 1.86, 2.33 and 2.80%). The context (outward or inward arrowhead with the fin of 52×14%) was always presented at the same high contrast (0.17 cd/m 2 ) as FP. Arrowhead angle and distance relative to the target base were similar to those used in Experiments 1, 2 and 3.
Experimental procedure
In individually conducted sessions, six adult human observers (Experiment 1) and four adult human observers (Experiments 2, 3, 4 and 5) were instructed: (1) to detect the occurrence of a low-contrast vertical bar (target) while the target and a high-contrast arrowhead (context) were briefly flashed periodically (Experiments 1 -4); or (2) to decide whether the target stimulus flanked by inward or outward-pointing-arrowheads was longer or shorter than the target-alone comparison stimulus (Experiment 5).
2.2.1. Experiments 1-4 Fig. 2A shows a schematic representation of stimulus configuration. During each trial the target was presented alone, or in conjunction with the context, or neither target nor context were presented. Whenever subjects detected the target they were instructed to press the mouse button. We measured target detectability by calculating the detectability ratio, defined as proportion of correct detections, at four target contrasts (Experiments 1, 2 and 4) and at five target contrasts (Experiment 3), in each of three conditions: target alone, target and outward-pointing arrowhead and target and inward-pointing arrowhead. In addition, Experiment 4 varied the half angles between the arrowhead fins and the distance between the tip of the arrowhead and target base, and each condition was presented at random. We adjusted the proportion of positive responses in each contrast condition, to compensate for guessing, by presenting null conditions in which the target was missing. The null conditions are identical to the experimental conditions, except for target presentation. An experimental session consisted of 150 trials. Each subject served in six sessions in Experiments 1, 2 and 3, and 20 sessions in Experiment 4.
Experiment 5
The schematic representation of stimulus configuration is identical to that from Fig. 2A , except that the attention point (AP) was eliminated and subjects were instructed to fixate at FP. A binary forced-choice procedure was used. On each trial, subjects had to decide whether the target stimulus flanked by either an inward or outward-pointing-arrowhead was longer or shorter than the target alone comparison stimulus. Subjects made their choices by pressing one of two mouse buttons ('left' if stimulus 1 is longer than stimulus 2 and 'right' if stimulus 2 is longer than stimulus 1). Responses were not counted if subjects did not press any button. An experimental session consisted of 100 trials, and each subject served in six sessions. For each subject we measured the % 'long' response trials, defined as the percentage of trials in which the subject reported that stimulus 1 (flanked target) is longer than stimulus 2 (target alone), at four target contrasts, in each of two conditions: target and outward-pointing arrowhead followed by target alone, and target and inward-pointing arrowhead followed by target alone. Target contrast was randomized each trial, and it remained identical for both stimuli 1 and 2 within each trial.
Subjects
Ten subjects, including the two authors, each of whom had normal vision, participated in the experiments. They were aged 19-36 years, except for G.L. who is aged over 60 years. Excluding the authors, the subjects were unaware of the purpose of the experiments and most of them were paid for their participation. The stimuli were viewed binocularly from a distance of approximately 100 cm.
Results
In Experiments 1, 2 and 3, the distance between the target and the arrowhead context was constant at 0.5°a nd the arrowhead half angle was fixed at 27°for both the outward-and inward-pointing arrowheads). The results from Experiment 1 are shown in Fig. 2B -C. The percentages of correct detections at each of the four contrast levels are calculated relative to the target-alone condition for each of inward-and outward-pointing arrowhead configurations. For each subject, target detection is facilitated by the inward-pointing arrowhead and suppressed by the outward-pointing arrowhead (Fig. 2B ). Again for each subject, as target contrast increases, the magnitudes of both facilitatory and suppressive effects diminish. The averaged data from all six subjects (Fig. 2C) show high levels of facilitation and suppression at low contrast, and a gradual decline in the magnitudes of both effects as target contrast increases (We do not present performance levels at contrast 0.46% for subjects G. L. and L. T. because these subjects did not see the target at all at this contrast). Previous psychophysical studies have only reported facilitatory effects in the detectability of a subthreshold luminance bar flanked by a second suprathreshold bar whose relative orientation and spatial offset were varied (Kapadia, Ito, Gilbert & Westheimer, 1995) . At higher contrasts, the target is always seen.
The control Experiment 2 is designed to test the effect of equal low contrast for both target and arrowheads. The target contrast levels are identical to those used in Experiment 1. The results from four subjects are shown in Fig. 3 . When target and context contrast are made equal, both suppressive and facilitatory effects on target detection become negligible relative to the high-contrast arrowhead case (Fig. 2) , thus indicating that the arrowhead context stimulus affects detectability only when it is presented at high contrast.
In Experiment 3, in order to determine whether the contextual effects shown in Fig. 4B -C depend on the number of arrowhead stimuli, we added a symmetric arrowhead at the other end of the target (Fig. 4A) , such as to resemble the full Mü ller -Lyer configuration. We also added a new target contrast level, 2.33%, and collected data from four subjects. Otherwise, Experiment 3 is identical to Experiment 1. The data, summarized in Fig. 4B and C, show that the facilitatory and suppressive effects found in the first experiment are amplified when the second arrowhead is added (note the ordinate scale difference between Figs. 2 and 4, and that the x-axis in Fig. 4 starts from a higher contrast level than that in Fig.  2 ). In this analysis we have eliminated data from subject G. L. who showed levels of suppression and facilitation which were out of the range in comparison with other subjects; if those are included the overall effect shown here is amplified. It is noteworthy that the variations in target detectability match qualitatively the results obtained with the Mü ller-Lyer illusion, in which a high contrast bar appears long or short when it is flanked by inward-or outward-pointing arrowheads (Mü ller-Lyer, 1889).
Next, the dependence of target detection on arrowhead angle and target-arrowhead spatial disparity was studied in Experiment 4. We varied the half angle between the arrowhead fins (27, 53, 90, 117 and 143°) and the distance between the tip of the arrowhead and the target (0.5, 1 and 1.5°below the target base). The target contrast levels are identical to those used in Experiment 1. The stimulus configuration (angle and distance) is shown schematically in Fig. 5A . Each of four subjects was asked to detect the target bar when these 60 conditions (five angles× three distances× four contrasts) were randomly intermixed. The average data are presented in Fig. 5B -C. For short distances between the target and the arrowhead, the effect of acute half angles is suppressive, whereas the effect of obtuse half angles is facilitatory, at all target contrast levels. Furthermore, the degree of facilitation and suppression increases monotonically with the decrease in arrowhead angle, and diminishes as target contrast increases (Fig. 5B) . However, when the distance between the target and the context is increased, both inhibitory and excitatory effects diminish drastically in strength (Fig. 5B ). An unexpected result is that when distance is further increased (e.g. 1.5°below the target base) the influence of the outward-pointing arrowhead changes from suppression to facilitation (Fig. 5B) , and this effect is numerically stronger than the facilitatory effect of the inward-pointing arrowhead (which provided the maximum facilitation at short distances).
Fig . 5C analyzes the increase in target detectability as a function of target contrast and distance between the tip of the arrowhead and the target base when the arrowhead angle is fixed (identical to that used in Experiment 1). For short distances (0.5°) the inward-pointing arrowhead stimulus is suppressive whereas the outward-pointing arrowhead stimulus is facilitatory (confirming the result found in Experiment 1). These effects hold at all the contrast levels tested in Experiment 4. However, as the distance between the target and the arrowhead increases, the outward-pointing arrowhead stimulus gradually induces more excitation than the inward-pointing configuration (whose facilitatory effect diminishes). Thus, at larger distances (e.g. 1.5°), the target is seen more often when it is flanked by the outward-pointing arrowhead stimulus than when it is flanked by the inward-pointing arrowhead stimulus. This result matches qualitatively the 'reversal' of the Mü ller-Lyer extent illusion when the distance between the horizontal shaft and the two arrowheads increases (Yanagisawa, 1939; Fellows, 1967) .
To strengthen the link with the contrast detection effects, Experiment 5 investigates whether the stimuli used in Experiment 1 produce distortions of perceived length, as in the classical Mü ller -Lyer illusion. Since previous Mü ller-Lyer experiments have thoroughly investigated how the illusion magnitude is influenced by the distance between arrowheads and line end, as well as the effect of varying the arrowhead angle (see Robinson, 1972 , for a review), the key empirical test that connects our contrast detection results with psychophysical estimates of length would be to investigate the effect of line contrast on illusion magnitude. Therefore, in Experiment 5 we use the same angle between the arrowhead fins (54°) and the same distance between the tip of the arrowhead and the target (0.5°below the target base) as in Experiment 1. The only independent variable whose effect is tested is line contrast. However, since most subjects reported difficulty in estimating accurately the length of the target (which is now pre-sented foveally) at contrast levels 0.46 and 0.93%, we shifted the contrast interval toward higher values, and therefore collected data at the following four contrasts: 1.4, 1.86, 2.33 and 2.80%. Each of the four subjects was required to fixate at FP and to decide whether the target stimulus flanked by either an inward or outward-pointing-arrowhead was longer or shorter than the target alone comparison stimulus. Changes in target detectability as a function of arrowhead angle, arrowhead distance, and target contrast (average data). Suppressive effects diminish and facilitatory effects increase as the arrowhead half angle becomes more obtuse. The effect of the outward-pointing arrowhead changes from suppression to facilitation as the distance between target and context increases. Both suppressive and facilitatory effects diminish with increasing target contrast. Performance levels from the contrast 0.43% condition are not shown because three out of four subjects did not detect the target at all. Distance legends: bold line, 0.5°; simple line, 1°; dashed line, 1.5°. (C) Changes in target detectability as a function of arrowhead distance and target contrast (average data). The arrowhead angles are identical to those used in Experiment 1. Both suppressive and facilitatory effects diminish with increasing distance between target and context. At distance 1.5°the facilitatory effect of the outward-pointing-arrowhead becomes stronger than the facilitatory effect of the inward-pointing-arrowhead (the two curves intersect). Percentages are calculated relative to the no-arrowhead condition. Error bars represent standard error. The individual and average data are presented in Fig.  6A -B.
The percentages of 'long' response trials, i.e. stimulus 1 ('flanked' target) is longer than stimulus 2 (target alone) at each of the four contrast levels are calculated for each of inward-and outward-pointing arrowhead configurations. Fig. 6A shows that, for each subject, the target length is overestimated when it is flanked by the inward-pointing arrowhead and underestimated when it is flanked by the outward-pointing arrowhead. The average data from all four subjects (Fig. 6B) show relatively symmetric facilitatory and suppressive effects.
A surprising result, which we could not have predicted without insight from our contrast detection study (e.g. Experiment 1), is that both individual and average data show that as target contrast increases, the magnitudes of both facilitatory (overestimation) and suppressive (underestimation) effects diminish, a result qualitatively similar to the data pattern illustrated in Fig. 2 . This effect of line contrast on the magnitude of the Mü ller-Lyer illusion has not been investigated in previous analyses of the illusion.
Model
The contextual effects that we report here represent a correlate of the Mü ller-Lyer illusion in the detectabil- Fig. 6 . (A) % 'long' response trials-Percentage of trials in which subjects report that stimulus 1 ('flanked' target) is longer than stimulus 2 (target alone) at each of the four contrast levels. The angle between the arrowhead fins (54°) and the distance between the tip of the arrowhead and the target (0.5°below the target base) are identical to those used in Experiment 1. Target contrast is varied between 1.4, 1.86, 2.33 and 2.80%. For each subject, the target length is overestimated when it is flanked by the inward-pointing arrowhead and underestimated when it is flanked by the outward-pointing arrowhead. As target contrast increases the magnitudes of both facilitatory and suppressive effects diminish. (B) % 'long' response trials (average data). The data show symmetric facilitatory and suppressive effects and gradual decline in the magnitudes of both effects as target contrast increases. Error bars represent standard error. ity domain. In an attempt to explain the nature of context modulation as demonstrated by our results, as well as related phenomena (Polat & Sagi, 1993; Kapadia, Ito, Gilbert & Westheimer, 1995) , we analyze the dynamic properties of a population model of excitatory and inhibitory orientation detectors in visual cortex. We chose this level of explanation because data from psychophysical studies of contrast detection threshold in human observers are correlated with single-cell recording in awake monkeys (Kapadia, Ito, Gilbert & Westheimer, 1995) and with visual evoked potentials in human observers (Polat & Sagi, 1993) , thus suggesting a physiological basis for surround modulation.
First, we rule out the possibility that the changes in visual sensitivity that we report are due to attentiondriven cognitive phenomena (e.g. when the arrowhead points toward the target, attention may be preferentially directed to it, and vice-a-versa, thus modulating the threshold for detectability) because the same arrowhead (outward-pointing) induces both suppressive and facilitatory effects depending on the distance between the target and the arrowhead (Fig. 5C ). Fig. 7A shows a schematic representation of the model. We represent populations of local excitatory and inhibitory cells (cells which are activated by a stimulus presented in the classical receptive field, which is the region over which a stimulus evokes a suprathreshold response) and excitatory cells in the surround (also known as nonclassical receptive field), and focus here on local population dynamics. Sensory input indirectly activates both cortical excitatory and inhibitory cells through feedforward connections. The horizontal bar (center stimulus) is projected onto both local excitatory and inhibitory populations within the classical receptive field (CRF). The arrowhead context is projected onto excitatory cells in the surround (we do not model surround inhibitory cells because their intrinsic connections are purely local). Members of the local excitatory population of cells are interconnected by recurrent excitatory synapses (Martin, 1988; Peters & Payne, 1993) , and members of the inhibitory population are interconnected by recurrent inhibitory synapses (Beaulieu & Somogyi, 1990; Kisvarday, Beaulieu & Eysel, 1993) . Local excitatory cells excite inhibitory cells, which in turn inhibit local excitatory cells. Surround effects are modeled using long-range excitatory connections on both local populations of excitatory and inhibitory cells (Gilbert & Wiesel, 1989) . The strength of long-range horizontal connections is both orientation and distance-dependent, with the synaptic strengths decaying exponentially with the increase in the relative orientation preference between surround and center cells and with the increase in the distance between center and surround (Weliky, Kandler, Fitzpatrick & Katz, 1995) .
Excitatory and inhibitory populations are modeled separately as threshold units with firing rates described by:
-excitatory population dE dt = r e (N fe w fe INP +N re w re +N ee w ee S)(1 −E)
Each unit becomes active when its firing rate is greater than a threshold (inhibitory cells have a higher threshold, 0.8, than excitatory cells, 0.3). Model parameters were chosen to ensure a ratio number around 4:1 between excitatory and inhibitory cells. Inhibitory cells fire at a higher rate (rate constant r i = 0.1) than excitatory cells (rate constant r e =0.04). The parameters are: N fe = N fi = 50, the number of feedforward projections to excitatory (fe) and inhibitory (fi) cells; N re = 50, the number of projections from local (recurrent) excitatory cells; N ri = 10, the number of projections from local (recurrent) inhibitory cells; N li = 10, the number of projections from local inhibitory cells to local excitatory cells; N le = 40, the number of projections from local excitatory cells to local inhibitory cells; N ee = 1000, the number of long-range projections from surround cells to excitatory cells; N ei = 250, the number of long-range projections from surround cells to inhibitory cells; W fe = W fi = 0.08, the connection strengths of feedforward projections to both excitatory (fe) and inhibitory (fi) cells; w re = w ri = 0.005, the connection strengths of recurrent excitatory (re) and inhibitory (ri) projections; W le = W li = 0.1, the connection strengths of local excitatory projections to inhibitory (le) cells and local inhibitory projections to excitatory (li) cells; w ee = w ei = 0.1, the connection strengths of long-range excitatory projections to both excitatory (ee) and inhibitory (ei) cells; INP is the total instantaneous input to both inhibitory and excitatory cells; S = 0.02s · exp
2 ) is the total input from excitatory cells in the surround, where D and O are the absolute distance and orientation difference between center and surround, and s is the optimal firing rate of surround cells. Surround population is modeled by a similar equation to those used to model local excitatory and inhibitory cells, except that cells in the surround only receive feedforward projections with a density of 50. Fig. 7B shows key experimental data in comparison with model predictions (percentages are calculated relative to the no-arrowhead condition). We selected our most difficult to explain results for comparison. These are that the influence of the outward-pointing arrowhead is suppressive at short distances and facilitatory at larger distances, whereas the influence of the inwardpointing arrowhead is facilitatory at both short and large distances, and that at larger distances between target and context the outward-pointing arrowhead induces more facilitation than the inward-pointing arrowhead. We make the assumption that response magnitudes of excitatory cells with receptive fields covering the target are proportional to the probability that the target is detected in the same stimulus conditions (for a physiological justification see Kapadia, Ito, Gilbert & Westheimer, 1995) . The relevant stimulus configurations examined to explore the model constitute a subset of the conditions analyzed in Fig. 5C at 1.4% target contrast. These conditions are represented as half angle/distance (from left to right in Fig. 5B ): 27°/0.5°, 143°/0.5°, 27°/1.5°and 143°/1.5°.
Explanation for the facilitatory and suppressive effects follows from the interaction of local excitatory and inhibitory neural populations whose activities are modulated by the excitatory population in the surround. For short distances between center and surround (e.g. 0.5°) the outward-pointing arrowhead excites strongly both local excitatory and inhibitory cells within the CRF (we define the CRF as the region covering the target end which is closer to the arrowhead). Because inhibitory cells typically fire at a higher rate and have a higher threshold than excitatory cells (McCormick, Connors, Lighthall & Prince, 1985 ) the net effect is inhibitory (Weliky, Kandler, Fitzpatrick & Katz, 1995; Toth, Rao, Kim, Somers & Sur, 1996) , and detectability of the target stimulus is impaired. In contrast, when the surround stimulus is the inward-pointing arrowhead, which is located outside the CRF, the more distant excitatory cells in the surround activate only weakly the local inhibitory cells. The net effect is excitatory, and detectability of the target stimulus is enhanced.
Both suppressive and facilitatory effects are orientation-dependent. Because the strengths of long-range connections decay with the increase in relative orientation between target and arrowhead, there is both stronger suppression and stronger facilitation when the arrowhead angle is more acute, thus explaining the angle effect shown in Fig. 5B . However, when the distance between the horizontal bar and arrowhead increases the surround influence weakens, such that if distance is sufficiently increased the higher threshold local inhibition is shut off completely. In this situation, the influence of the arrowhead reverses; there is stronger facilitation by the outward-pointing arrowhead (surround is closer to the center, e.g. 1 or 1.5°in our experiments) than by the inward-pointing arrowhead (in our simulations we calculate the distance between center and surround by estimating the distance between the center of each arrowhead fin and the bottom end of the horizontal bar). Although we explain here only the most challenging aspects from our data, the model is able to describe accurately all the interactions that we found between target detectability and arrowhead angle and position (Dragoi & Lockhead, 1997) .
Discussion
The fact that visual context determines the perception of the visual attributes of local features, such as position (Badcock & Westheimer, 1985) , orientation (Westheimer, Shimamura & McKee, 1976; Chen & Levi, 1996) , and motion (Westheimer & Wehrhahn, 1994) , has been shown in a variety of experiments. However, the type of facilitatory and suppressive perceptual effects shown in this study have not been previously reported, although similar contrast detection investigations have been performed, but using other stimuli, such as Gabor patches (Polat & Sagi, 1993) , iso-oriented lines (Dresp, 1993) , and pairs of lines whose alignment, proximity, and relative orientation was varied (Kapadia, Ito, Gilbert & Westheimer, 1995) . Our results differ, mainly because the type of interaction that we seek to understand, i.e. between a single low-contrast line and a high-contrast arrowhead, as well as the geometric layout of the stimuli that we use, justified different particular psychophysical manipulations, such as comparing contrast detectability when both the inward-and outward-pointing arrowheads change their angle and spatial separation relative to the target. We show that depending on target contrast, context angle and spatial offset, there is a continuum of surround modulations ranging from strong inhibition to strong excitation that determine detectability. This is consistent with other studies reporting a reduction in detection thresholds due to adjacent light stimuli (Westheimer, 1965 (Westheimer, , 1967 or to adjacent high-contrast luminance bars (Kapadia, Ito, Gilbert & Westheimer, 1995) and with studies reporting both facilitatory and suppressive effects induced by Gabor patches surrounding a target Gabor patch of similar orientation and spatial frequency (Polat & Sagi, 1993) .
Our findings are consistent with short and long-range receptive field interactions found in primary visual cortex (Weliky, Kandler, Fitzpatrick & Katz, 1995; Toth, Rao, Kim, Somers & Sur, 1996) , and suggest a physiological account for surround modulation. The search for a neural mechanism is motivated by neurophysiological findings in the mammalian primary visual cortex reporting cells whose response properties are modified by contextual stimuli in a pattern similar to the changes in detection threshold. Accordingly, we proposed a population model of orientation detectors in visual cortex that explains our results as a byproduct of orientation and distance effects of long-range horizontal connections. These features, i.e. orientation and distance dependency of the strength of long-range connections, have been typically neglected by models of context effects in primary visual cortex and psychophysics (Somers, Todorov, Siapas & Sur, 1995; Stemmler, Usher & Niebur, 1995) . The magnitudes of both facilitatory and suppressive effects that we found (Fig.  5B ) depend on the colinearity between target and surround. This is consistent with studies in primary visual cortex of tree shrews (Fitzpatrick, 1996; Bosking, Zhang, Schofield & Fitzpatrick, 1997) , and squirrel monkeys (Blasdel, Obermayer & Kiorpes, 1995) , showing a link between orientation preference and the axial symmetry of lateral connections in the upper layers of striate cortex. Relevant to these investigations is that when the arrowhead is displaced laterally with respect to the symmetry axis of the target stimulus, the effects on target detectability are weak, or nonexistent (Dragoi & Lockhead unpublished data) .
The effects shown here, of the arrowhead surround on the detection of a briefly exposed target stimulus (200 ms, which is less than a saccade reaction time), parallel the classical Mü ller -Lyer effect for a freely viewed pattern: facilitation in the case of the inwardpointing arrowhead configuration (enhanced detectability in our experiment and longer shaft in the Mü ller-Lyer effect) and suppression in the case of the outward-pointing arrowhead configuration (diminished detectability in our experiment and shorter shaft in the Mü ller-Lyer effect- Figs. 2 and 6 ). Similar manipulations of arrowhead orientation and spatial offset yield similar qualitative results with the Mü ller -Lyer illusion: more suppression and facilitation when the outward-and inward-pointing arrowhead angles decrease (the Mü ller-Lyer extent illusion is at maximum strength when the outward-and inward-pointing arrowhead angles decrease - Fig. 5B ). In addition, we show here for the first time how the Mü ller -Lyer illusion changes with line contrast: reducing the contrast of the shaft amplifies the illusion magnitude. Our study also shows that when the distance between the target and the arrowhead increases, the effect of the outward-pointing arrowhead changes from suppression to stronger facilitation than that induced by the inwardpointing arrowhead at the same distance measured from the tip of the arrowhead ('reversal' of the Mü llerLyer extent illusion when the distance between the horizontal shaft and the two arrowheads increases, cf. Yanagisawa, 1939; Fellows, 1967) .
The fact that identical manipulations of line contrast (as well as manipulations of the other independent variables examined in this study) generate qualitatively similar patterns of change in detectability and perceived length, suggest that the type of 'low level' mechanism responsible for large modulations in visual sensitivity at low contrasts may be involved also when perceiving the locations of the ends of a horizontal line flanked by arrowheads in the Mü ller -Lyer configuration. The type of neural mechanism described for detection could also operate for cells that encode the length of lines. Candidate cells can be found in the deep layers (e.g. layer 6) of the primary visual cortex of most mammals, where neurons exhibit length summation, and in the superficial layers of striate cortex of certain mammals (e.g. tree shrew Bosking, Zhang, Schofield & Fitzpatrick, 1997) . In this case, according to our model, when the target (bar) is flanked by the inward-pointing arrowhead the increase in the firing rate of the excitatory cells having receptive fields covering the end of the bar matches the firing rate of the same cell when it is stimulated by a longer bar, thus suggesting that the inward pointing arrowhead induces target overestimation. Similarly, when the target is flanked by the outward-pointing arrowhead, the decrease in the firing rate of the excitatory cells having receptive fields covering the end of the bar matches the firing rate of the same cell when it is stimulated with a shorter bar, suggesting that the outward-pointing arrowhead induces target underestimation. Thus, although our context-dependent contrast detection results do not show a causal relationship with the Mü ller-Lyer extent illusion, their correlation indicates that the same mechanism may underlie both effects. This would have important implications for understanding the Mü ller-Lyer and other geometrical illusions of extent.
